The traditional approach of star tracker for determining the centroid of spot requires enough energy and good shape, so a relatively long exposure time and stable three-axis state become necessary conditions to maintain high accuracy, these limit its update rate and dynamic performance. In view of these issues, this paper presents an approach for determining the centroid of star spot which based on MEMS-Gyro's data deep coupling, it achieves the deep fusion of the data of star tracker and MEMS-Gyro at star map level through the introduction of EKF. The trajectory predicted by using the angular velocity of three axes can be used to set the extraction window, this enhances the dynamic performance because of the accurate extraction when the satellite has angular speed. The optimal estimations of the centroid position and the drift in the output signal of MEMS-Gyro through this approach reduce the influence of noise of the detector on accuracy of the traditional approach for determining the centroid and effectively correct the output signal of MEMS-Gyro. At the end of this paper, feasibility of this approach is verified by simulation.
Introduction
In recent years, along with the rapid development of aerospace industry, missions especially to high-precision positioning for imaging system, such as survey, resource, and astronomical satellite, require attitude determination system of higher accuracy. In the attitude determination system, only star tracker can meet the accuracy requirement of these satellites. Star tracker is a high-precision optical sensor for determining the attitude of satellite which uses the star map imaging on optical detector. The precision of star tracker directly related to the accuracy of determination of the spot centroid. The traditional approach for determination of the spot centroid requires enough energy and good shape 1 . It can get a subpixel precision of the determination of spot centroid through using hyperacuity technique 2 . So, in order to maintain the accuracy of the spot centroid, it requires a relatively long exposure time and stable three-axis state, these limit its update rate and dynamic performance 3 . The high demand of star tracker to stable state of the satellite makes star tracker can only maintain precision in condition close to three-axis stabilized state. When the satellite has large angular speed, it can only determine attitude by the lower-precision sensor, the failure of star tracker influences the completion of the missions 4-6 .
The spot will be elongated when the satellite has large angular speed, and the larger distribution area of energy will lead to reduction of energy on each pixel when the noise will The error of the position of spot centroid A: the error of the position of the spot centroid using the traditional centroid method, B: the error of the position of spot centroid using the centroid method after the spot extraction based on MEMS-Gyro, and C: the estimation error of the position of the spot centroid using the approach based on MEMS-Gyro's data deep coupling .
not be reduced, so the lower SNR causes a great impact on the star tracker. First, it is more difficult to extract the spot. The reduction of the SNR makes it more difficult to determine the position of the spot, the elongated spot and mutual interference between the spot which caused by it making the determination of area of spot extraction more difficult. Second, it is more difficult to determine the position of spot centroid 7 . To determine the centroid of spot accurately, it needs ideal energy distribution. But, the lower SNR makes the influence of noise greater and then affects the accuracy of the determination of the position of centroid. For the above reasons, star tracker will not work because of inability to spot extraction and centroid determination when the satellite has larger angular speed. These limit the accuracy and dynamic performance of star tracker. In addition to star tracker, there are many other sensors for attitude determination. MEMS-Gyro which is based on the MEMS technology had successful applications in the aerospace industry, it has advantages of high precision, low power, and small volume 8 . There are many MEMS-Gyros developed by a number of agencies reach the standard of the application of aerospace grade and have experienced in-orbit test, some of them have been quite associated with the optical Gyro. Presently, institutions of high levels of production of MEMS-Gyro are mainly a few such as Draper and JPL 9-11 .
To improve the renew rate and dynamic performance of star tracker, some agencies began to research the integrated approach of MEMS-Gyro, such as the ISC developed by Draper and the HYDRA 12, 13 . The new approach presented in this paper to determine the position of spot centroid is based on MEMS-Gyro's data deeply coupled, this approach achieves the deep fusion of star tracker and MEMS-Gyro at star map level through the introduction of EKF. By applying this approach, the problems caused by lower SNR of star tracker can get effective solution. 
Star Spot Extraction Based on MEMS-Gyro
It is generally considered that the star is at infinity, so the starlight which captured by star tracker is parallel light. When the satellite moves in space, the change of attitude associates with three-axis angular velocity, the position of spot centroid on detector will transform accompanied by the change of attitude. The angular velocity can be equivalent to the line speed on the detector plane. If MEMS-Gyro is integrated into the star tracker, the three-axis angular velocity measured by MEMS-Gyro can be used to calculate the line velocity and direction of the centroid on the detector plane 14 . Then, it can use the position and shape of the spot next time which can be estimated by the motion of the centroid to set the extraction window, so the condition that other spot gets into the window could be avoided. It ensures the purity of the energy in the extraction window.
The velocity on the detector plane which is equivalent by three-axis angular velocity is shown in Figure 1 decomposed into v 3 along the y-axis and v 2 along the x-axis. So, the motion of the centroid on the detector plane can be described by the line velocity along x-axis and y-axis:
where F is focal length of the star tracker, x c , y c is coordinate of the centroid of spot.
Assume that x 
which is the coordinate of the centroid at t k 1 can be estimated as follows:
2.2b
When t k 1 − t k is very small, 2.2a and 2.2b can be simplified:
After a single exposure, star tracker can forecast the position of centroid of the spot in the image generated in next exposure using 2.3a and 2.3b . At the same time, the three-axis angular velocity measured in the time period of next exposure can be used to ensure the shape of spot in next image. Then, star tracker can set extraction window using these information to extract the spot. The process is shown in Figure 2 , it can be seen that the extraction window set according to this method well eliminates pepper noise and interference caused by other spot in the extraction window set according to the traditional method.
Determination of Position of the Centroid of Spot Based on EKF
The most common method to determine the centroid of spot is centroid method and fitting method, they can get high precision when star was imaged with high quality. The centroid method is of high performance-to-price ratio, it has a small amount of calculation and can achieve high precision. But, there exist some errors, the gray scales average effect and quantization error are two main reasons. It makes the position of centroid of the spot determined by the centroid method of certain error 15, 16 . Even so, the centroid method is the most commonly used method because the error is very small when the satellite is in three-axis stabilized state.
As mentioned, when the exposure time is reduced, especially the satellite moves with a large angular speed, the SNR of energy of the detector becomes lower, then the larger effect of noise to the centroid method makes the accuracy of position of centroid determination reduced, further to affect the star tracker.
In view of this problem, it is considered of the form of star tracker based on MEMSGyro, at the same time, the angular velocity output by MEMS-Gyro is used to correct the position determined by the centroid method on the basis of EKF 17-20 . There is the output model of MEMS-Gyro:
where ω mea is the measured value of three-axis angular velocity, ω real is the real value of three-axis angular velocity, b is the drift in the output signal of MEMS-Gyro, and η ω is zero mean white Gaussian noise 21, 22 According to 3.1 , when the white Gaussian noise is ignored, 2.1a and 2.1b can be presented in the following form:
First, the state vector can be set:
Further, the system state equation can be gotten according to 2.3a , 2.3b and 3.2a , 3.2b :
where w k is the process noise, it satisfies
Ψ k is constant compensation:
where a is the length of one pixel on the detector, ω k mea is the measured value at k time.
Mathematical Problems in Engineering
Φ k is the state transition matrix, it satisfies
where x k cest , y k cest is the estimated value at k time. The observation of the system is
cmea is used to present the measured value at k time,
3.9
H k 1 is the observation matrix: As shown in Figure 3 , when star tracker is exposed and no image updated, the approach works according to the process represented in the flow chart. The next position of the spot centroid is forecasted according to 3.4 using the data of angular velocity output by high update rate MEMS-Gyro, the forecasted position is output directly as the estimate, and then the centroid trajectory which can be used to set the extraction window at next image update will be calculated. The approach works according to the process shown in Figure 4 when star tracker renew the star image. The optimal position of centroid of the spot can be estimated through the correction to the forecasted position by the observation position of the spot centroid using of the update image.
Taking advantage of this approach, the attitude update rate gets large increase. It is of valid estimate to the drift in the output data of MEMS-Gyro, so the attitude error is reduced when the MEMS-Gyro is used alone. At the same time, the approach can help to upgrade the precision of the centroid determination when the precision is at a low level because of the change of the exposure time or the motion state, so it ensures the accuracy of the attitude output by the system.
Numerical Simulation
In order to verify the feasibility of the approach above and evaluate the optimization results, the numerical simulation is carried out. The simulation chooses APS CMOS as the starlight detector, and the relevant parameters are set according to the statistical properties obtained by large number of experiments 23 . The focal length F is set to 100 mm, the lens aperture D is set to 80 mm, the optical transmittance is 0.85, the exposure time t b is 10 mm, the sampling rate of MEMS-Gyro is 400 Hz, and the drift is 0.02
• /s. The star map captured when the satellite is moving can be considered to be the superposition of the star map in the static case. So we can simulate the dynamic star map using this method, the simulation result of the dynamic star map is shown in Figure 5 24 .
The setting methods of the size and shape of the extraction window in the simulation are as follows: first, ensure the motion trajectory of the centroid during this exposure time according to the position of the spot centroid in last exposure time and the three-axis angular velocity measured by MEMS-Gyro during this exposure time; second, take a small square window around each pixel along the trajectory, and then all of these small windows stack up to be the extraction window. It can be calculated that the energy will be very small on the point distance from the star spot centroid more than three pixels, as shown in Figure 6 , most energy is concentrated in range of 6 pixel × 6 pixel, so the small window can be set to 6 × 6. Simulation 1. The dynamic performance of the novel approach based on MEMS-Gyro's data deep coupling.
This simulation will verify the dynamic performance of the novel approach above. It is against the star which Mv 5, set the three-axis angular velocity from Ω real 0, 0, 0
T
• /s to Ω real 8, 0, 0 T • /s , the renew rate of the system is 100 Hz, continuous sampling 800 times. The angular velocity of three angular in this simulation is shown in Figure 7 . The simulation result is presented in Figure 8 , as it can be seen, the traditional approach for centroid determination is failure when the angular velocity larger than 1 • /s because it cannot extract the spot exactly. Further, when using the method of spot extraction based on MEMSGyro, the traditional approach can continue to work. When the novel approach based on MEMS-Gyro's data deep coupling for determining the centroid of the star spot, the accuracy of the centroid determination is improved obviously. Simulation 2. The estimate of centroid under the three-axis stabilized state of inertia.
This simulation will verify the high update rate and high precision of the approach above when the satellite is under three-axis stabilized state. It is against the star which Mv 5, set the three-axis angular velocity Ω real 0.01, 0.01, 0.01 T • /s , the renew rate of the system is 100 Hz, continuous sampling 300 times. The measured velocity of three angular is shown in Figure 9 , and the estimation error of the position of the spot centroid is shown in Figure 10 . Finally, in Figure 11 , the estimated drift in the output data of MEMS-Gyro is shown. In order to show the advantages of this approach better, it is also shown the position of the spot centroid calculated by the centroid method after the spot extraction based on MEMSGyro. It can be seen that the error of the position of the centroid using the approach in this paper is reduced from 0.2 pixel to 0.1 pixel when the SNR is lower and exposure time is only 10 ms. The drift in the output data of MEMS-Gyro has got valid estimates. Simulation 3. The satellite moves with a large uniform angular velocity.
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This simulation will verify the high update rate, high dynamic performance, and the capability to maintain a certain precision of the approach above when the satellite is moving with large three-axis angular velocity. It is against the star which Mv 5, set the three-axis angular velocity Ω real 5, 5, 5 T • /s , the renew rate of the system is 100 Hz, continuous sampling 300 times. The measured velocity of three angular is shown in Figure 12 , and the estimation error of the position of the spot centroid is shown in Figure 13 . Finally, in Figure 14 , the estimated drift in the output data of MEMS-Gyro is shown. In order to show the advantages of this approach better, it's also shown the position of the spot centroid calculated by the centroid method after the spot extraction based on MEMS-Gyro. It can be seen that the error of the position of the centroid using the approach in this paper is reduced from 0.3 pixel to 0.2 pixel when the SNR is lower and exposure time is only 10 ms. The drift in the output data of MEMS-Gyro has got valid estimates. Simulation 4. The satellite moves with a time-variable angular velocity. This simulation will verify the high update rate, high dynamic performance, and the capability to maintain a certain precision of the approach above when the satellite is moving with time-variable angular velocity. It is against the star which Mv 5, set the three-axis angular velocity reduced from Ω real 5, 5, 5 T • /s to Ω real 0, 0, 0 T • /s , the renew rate of the system is 100 Hz, continuous sampling 500 times. The measured velocity of three angular is shown in Figure 15 , and the estimation error of the position of the spot centroid is shown in Figure 16 . Finally, in Figure 17 , the estimated drift in the output data of MEMSGyro is shown. In order to show the advantages of this approach better, it is also shown the position of the spot centroid calculated by the centroid method after the spot extraction based on MEMS-Gyro. It can be seen that the error of the position of the centroid using the approach in this paper is reduced obviously and the error is changing with the angular velocity when the SNR is lower and exposure time is only 10 ms. The drift in the output data of MEMS-Gyro has got valid estimates.
Conclusion
The simulation verifies the effectiveness of the high-performance approach for determining the centroid of star spot which based on MEMS-Gyro's data deep coupling has been proposed in this paper. This approach can help star tracker to maintain high precision when the exposure time is very short, so the update rate of the star image is raised. The MEMS-Gyro can be used to estimate the position of centroid of the spot and then output the attitude when the star image is not update, this further improves the update rate. At the same time, the precision of the MEMS-Gyro has also been raised through the estimate of drift. It can be seen that the approach can be used to improve the accuracy of determination of position of the spot centroid in a certain extent when the satellite is in the threeaxis stabilized state. In the high angular velocity or time-variable acceleration state, the system is able to maintain a high precision under certain circumstances so that the dynamic performance of star tracker has been raised.
The traditional application of EKF in the attitude determination is to obtain the optimal estimation of the attitude quaternion. In contrast to previous, the EKF used in the approach which presented in this paper has two main functions: setting extraction window and estimating the position of centroid of the spot. So, through this approach, the system can obtain the optimal estimation of the spot centroid when the SNR is lower. By this, the renew rate of star tracker is increased and the dynamic performance is raised at the same time.
Specially, it also can be seen through the simulation that when the number of star spot captured by detector of star tracker is not enough to determine the attitude, the drift in the output data of MEMS-Gyro also can be estimated effectively. And then the precision of MEMS-Gyro is improved to determine the attitude without star tracker when star tracker cannot output the attitude data.
The novel approach for determining the centroid of star spot which based on MEMSGyro's data deep coupling combines both the advantages of star tracker and MEMS-Gyro, optimizes both the performance of them, and improves both the precision of them. And this method can be applied in robotic vision navigation and other attitude determination fields 25 .
